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An experimental method of studying shifts between concentration-versus-depth profiles of vacancy-
and interstitial-type defects in ion-implanted silicon is demonstrated. The concept is based on deep
level transient spectroscopy measurements utilizing the filling pulse variation technique. The
vacancy profile, represented by the vacancy–oxygen center, and the interstitial profile, represented
by the interstitial carbon–substitutional carbon pair, are obtained at the same sample temperature by
varying the duration of the filling pulse. The effect of the capture in the Debye tail has been
extensively studied and taken into account. Thus, the two profiles can be recorded with a high
relative depth resolution. Using low doses, point defects have been introduced in lightly doped float
zone n-type silicon by implantation with 6.8 MeV boron ions and 680 keV and 1.3 MeV protons at
room temperature. The effect of the angle of ion incidence has also been investigated. For all
implantation conditions the peak of the interstitial profile is displaced towards larger depths
compared to that of the vacancy profile. The amplitude of this displacement increases as the width
of the initial point defect distribution increases. This behavior is explained by a simple model where
the preferential forward momentum of recoiling silicon atoms and the highly efficient direct
recombination of primary point defects are taken into account. © 2003 American Institute of
Physics. @DOI: 10.1063/1.1528304#
I. INTRODUCTION
Ion implantation has been used as a doping technique in
silicon device processing for more than 30 years1 and con-
tinues to be a standard ‘‘front end’’ process in the early 21st
century. However, with increasing miniaturization of silicon
integrated circuits, the demands on well-controlled dopant
distributions ~in three dimensions! become extremely severe
and ion implantation may not remain the prime doping tech-
nique because of the inherent limitations associated with de-
fect generation, postimplant annealing and dopant diffusion.
On the other hand, few viable alternatives exist and, conse-
quently, this has stimulated a substantial activity to improve
the ability in controlling implanted dopant distributions. It
has been established that anomalous diffusion of B and P
during postimplant annealing is due to the excess of point
defects generated by the implantation.2–7 Hence, knowledge
about the initial distributions of excess point defects is cru-
cial in order to understand and model the enhanced dopant
diffusion.
Because of a preferential momentum transfer from the
impinging ions to the silicon atoms in the forward direction,
a slight displacement between the vacancy (V) and Si self-
interstitial ~I! distributions is predicted.8 Some attempts have
been made to observe this shift experimentally by comparing
results from spreading resistance measurements on n- and
p-type samples.9 A different approach was recently intro-
duced for direct comparison of the depth profiles of specific
vacancy- and interstitial-type defects.10 The same concept
has been used and further developed in this work. We have
employed deep level transient spectroscopy ~DLTS! ~Ref. 11!
to study the shift between the concentration versus depth
profiles of the vacancy–oxygen center ~VO! and the intersti-
tial carbon–substitutional carbon pair (CiCs) in n-type
samples implanted with MeV protons or boron ions. VO and
CiCs both give rise to an acceptor level at ;0.17 eV below
the conduction-band edge (Ec), but they can readily be re-
solved by variation of the filling pulse duration (tp). How-
ever, variation of tp influences the rate of charge carrier
capture in the so-called Debye tail and an effect of tp occurs
on the width of the probed region for a given pulse amplitude
at a fixed bias voltage. Hence, we have made substantial
experimental efforts to ensure that large enough tp values are
used to saturate the charge carrier trapping in the Debye tail
but short enough to separate the VO and CiCs contributions.
For all implantation conditions, the I depth distributiona!Electronic mail: b.g.svensson@fys.uio.no
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monitored by CiCs is deeper than the V one monitored by
VO. Moreover, the observed shift between the I and V depth
distributions increases as the primary defect distribution
width increases. This observation is explained by a simple
model where the preferential forward momentum of recoil-
ing silicon atoms and the highly efficient direct recombina-
tion of primary point defects are taken into account.
II. EXPERIMENTAL PROCEDURE
The samples used in this study were cut from the same
high-purity n-type ~75 V cm! float zone ~FZ! silicon wafer.
The main impurities, oxygen and carbon, have an estimated
concentration of ;531015 cm23 according to Fourier trans-
form infrared absorption measurements.
The samples were implanted at room temperature with
boron or hydrogen ions using the implantation parameters
given in Table I. The hydrogen ~1.3 MeV! implantation was
undertaken at the Svedberg Laboratory in Uppsala. A 12-
mm-thick aluminum foil was placed immediately in front of
the samples in order to obtain a mean projected range of ;12
mm in the silicon crystal, according to transport of ions in
matter ~TRIM 98! calculations,12 suitable to monitor the de-
fect distributions by DLTS. The other samples were im-
planted at the Australian National University in Canberra
with implantation energies such that the mean projected
range was smaller than or equal to 12 mm. Both accelerators
are of tandem type and equipped with an X – Y scanning
facility for homogeneous area coverage.13 The ion doses
were tuned to avoid doping compensation effects. The error
in the nominal dose did not exceed 15% for the hydrogen
implants but was as high as 50% for the boron implants
because of the short implantation times required. In addition
to the ion type and energy, the angle of incidence ~a! be-
tween the ion beam and the surface normal was also varied
from a standard 7° tilt to a 40° tilt.
After implantation, the samples were chemically cleaned
using a standard procedure including a final dip in diluted
hydrofluoridric acid. Schottky barrier ~SB! junctions were
subsequently grown at low temperature ~,40 °C! by thermal
evaporation of gold through a metal mask at a base pressure
,231026 Torr.
DLTS analysis was performed using a refined version of
a setup described elsewhere.14 Six DLTS spectra with a win-
dow rate ranging from ~100 ms!21 to ~3200 ms!21 were si-
multaneously recorded during one single temperature scan
from 77 to 300 K yielding an overview of the electrically
active defects present in the upper half of the band gap. The
steady-state reverse bias and filling pulse voltages were cho-
sen such that the whole defect profiles were covered and the
filling pulse duration was set to 50 ms in order to fully satu-
rate traps with a capture cross section as low as
10218– 10219 cm2.
Filling pulse and concentration versus depth measure-
ments were performed by selecting one of the six rate win-
dows and holding the temperature constant within 60.5 K at
the maximum of the DLTS peak of interest. In the former
measurements, the amplitude of the DLTS signal was then
measured as a function of the filling pulse duration ranging
from 531028 to 4 s. In the latter measurements, the steady-
state reverse bias voltage was kept constant while gradually
increasing the majority carrier pulse amplitude. The depth
profile was then extracted from the dependence of the DLTS
signal on the pulse amplitude,11 where the voltages used
were converted into depth by the conventional square-root
dependence for a SB junction, and in particular, the effect of
charge carrier filling in the Debye tail was studied in detail.
Further, the compensation of dopants was investigated for
each sample and found to be negligible, especially at 79 K
where the concentration versus depth profiles were recorded.
III. RESULTS AND DISCUSSION
A. EcÀ0.17 eV level
A typical DLTS spectrum for majority-carrier traps in-
troduced in n-type FZ silicon samples by boron implantation
is shown in Fig. 1. Three major levels appear at ;0.42,
;0.23, and ;0.17 eV below the conduction-band edge (Ec).
The two former ones are primarily ascribed to the single and
double negative charge states of the divacancy (V2) center,
respectively.15–17 The Ec20.42 eV level also contains some
FIG. 1. DLTS spectrum of an n-type FZ sample implanted with 1.4
3108/cm2 B ~6.8 MeV! ions at an angle of incidence of 7° relative to the
surface normal. The rate window is ~200 ms!21 and the filling pulse duration
is 50 ms.
TABLE I. Survey of the implantation conditions used in this study.
Sample identification Ion Energy a Dose ~/cm2! Dose rate ~/cm2 s!
B(6.8 MeV)7d B 6.8 MeV 7° 1.43108 13108
B(6.8 MeV)40d B 6.8 MeV 40° 13108 13108
H(680 keV)7d H 680 keV 7° 33109 13108
H(680 keV)40d H 680 keV 40° 43109 13108
H(1.3 MeV)7d H 1.3 MeV 7° 131010 13109
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contribution from the vacancy–phosphorous defect ~VP! as
shown by subsequent annealing. In the following, we will
focus on the Ec20.17 eV level. Two contributions to this
level can be easily resolved in samples where the concentra-
tions of oxygen and carbon are similar. The amplitude of the
Ec20.17 eV level in a boron implanted (a57°) sample as a
function of tp is given in Fig. 2 with the amplitude values
normalized to that obtained at 1 s. The amplitude increases
continuously with tp in the range from 531028 to 1026 s
and then saturates until tp reaches 1024 s. For tp.1024 s,
it increases again until a second plateau is reached around
tp’331023 s. The first part (531028,tp,1024 s) cor-
responds to the filling of the well-known VO center18 with a
large capture cross section (;9310215 cm2) while the sec-
ond part (tp.1024 s) is related to the bistable CiCs pair19
with a small apparent capture cross section (;8
310218 cm2). The configurational-coordinate energy dia-
gram for the acceptor state of the CiCs pair, as determined by
Song et al.,19 is shown in Fig. 3. The CiCs pair can exist in
two different configurations labeled A and B. Cooling the
sample under reverse bias conditions, the most energetically
favorable configuration is B0 giving rise to an acceptor level
around 0.11 eV below Ec , which is too shallow to be moni-
tored by our setup. On the other hand, when tp is long
enough, the CiCs pair can switch from the B2 to the A2
configuration, which is the most favorable one for CiCs2.
The transition B2→A2 is associated with the critical time tc
determined by Jellison20 and can be expressed by
tc57.3310213 exp@~0.145 eV!/kT# ~s!, ~1!
where k and T are the Boltzmann constant and the absolute
temperature, respectively. In Fig. 2, T is equal to 79 K lead-
ing to tc51.331023 s. When tp is longer than this value,
B2 transforms to A2 and the electron emission from CiCs2
can be monitored at 79 K, giving rise to a level overlapping
with VO but with a much smaller apparent capture cross
section. In practice, by changing the filling pulse duration,
we are able to probe VO alone (531028,tp,1024 s) or
the total contribution of VO and CiCs (tp.1024 s), keeping
all the other experimental parameters unchanged. Here, it
should be emphasized that both the VO and CiCs contribu-
tions are due to acceptor-like levels, and therefore, no
Poole–Frenkel effect is expected for the two levels.21,22
VO is formed through the capture of migrating monova-
cancies (V) by interstitial oxygen atoms (Oi). With an inter-
stitial oxygen concentration (@Oi#) in the range of 5
31015 cm23, the average migration length of V before trap-
ping by Oi is of the order of 0.1 mm. Since @Oi#@@VO# for
the low dose regime studied, the production of VO reflects
the amount of vacancies escaping direct annihilation. There-
fore, VO can be considered as a primary defect and as a
monitor of the formation of vacancies. The CiCs pair is
formed by the trapping of a migrating interstitial carbon (Ci)
by a substitutional carbon (Cs). Ci’s are generated by the
interaction of implantation-induced self-interstitials ~I! and
the Cs atoms and can be regarded as a monitor of the free
self-interstitials not recombining with vacancies. Ci is less
mobile than I and V but exhibits an appreciable mobility at
room temperature with a diffusion coefficient of 10215 cm2/s
at 300 K.23 With @Cs#;531015 cm23, the CiCs pairs are
formed within a few days after implantation and the effective
diffusion length of Ci is on the order of 0.1 mm. The CiCs
pair is predominantly observed in oxygen lean samples
where the competing Oi trap for migrating Ci is less effec-
tive. The CiCs pair is one of the few well-characterized de-
fects of interstitial type with an energy level in the upper half
of the band gap.
As indicated in Fig. 2, @CiCs# and @VO# are similar in
the boron-implanted samples and the same holds for the
hydrogen-implanted samples. This condition is necessary in
order to monitor accurately the depth profiles of both CiCs
and VO. Moreover, for depth profiling where filling pulses
with different durations are employed, one has to consider
charge carrier trapping in the Debye tail, as outlined in the
following section.
B. Capture in the Debye tail
The DLTS technique is basically a ‘‘pulsed-bias’’ tech-
nique where the time evolution DC of the capacitance of a
reverse biased diode is recorded after the application of a
filling pulse with duration tp . This pulse shrinks the space-
charge region of the diode and fills the deep traps in the
FIG. 2. Amplitude of the Ec20.17 eV level as a function of the filling pulse
duration (tp) normalized to the value at tp51 s. The sample temperature
during measurements was 79 K and the sample is the same one as in Fig. 1.
The rate window is ~400 ms!21.
FIG. 3. Configurational-coordinate energy diagram for the acceptor state of
the CiCs pair as proposed by Song et al. ~see Ref. 19!.
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neutralized volume. If DC is only due to the filling of a
single deep trap, a purely exponential filling kinetics is ex-
pected.
DC5DCmax@12exp~2tp /t t!# , ~2!
where DCmax is the maximum change in capacitance for
complete filling and t t the capture time constant of the deep
trap. Equation ~2! is, however, a simplification since experi-
mentally two components are normally always observed: a
fast one @purely exponential, as expected from Eq. ~2!# and a
slow one that corresponds to capture in the remaining poten-
tial barrier during the pulse.24 The slow part is due to the
distribution of free carriers near the edge of the space-charge
region, i.e., the so-called Debye tail. An analytical expression
for the filling in the Debye tail has been put forward in the
case of a homogeneous distribution of deep traps25 but not
for an inhomogeneous distribution ~like in ion-implanted
samples!. The aim of the present article is not to determine
the capture kinetics in the Debye tail for an inhomogeneous
trap distribution but this effect occurs in our measurements
and has to be considered. Figure 4 represents the concentra-
tion versus depth profile of the Ec20.17 eV level for two
different filling pulse durations of 1 and 30 ms, respectively,
in the boron-implanted sample (a57°, the same sample as
in Fig. 2!. As expected according to Fig. 2, the profile con-
tains only the VO contribution and the maximum VO con-
centration is unchanged when tp increases from 1 to 30 ms.
On the other hand, the position of the peak changes because
of the variation of the filling in the Debye tail as a function
of tp , and in fact, this holds for both VO and CiCs , as
shown in the following section.
C. Determination of the true concentration versus
depth profiles
Depending on the filling pulse duration used for the con-
centration versus depth profiling of the Ec20.17 eV level,
we can measure the VO concentration and a certain percent-
age of the CiCs concentration ranging from 0% to 100%. In
order to resolve accurately any shift between the two pro-
files, the extracted depth of the total Ec20.17 eV peak maxi-
mum (dmax) is determined as a function of tp , as shown in
Fig. 5 for the boron (a57°) implanted sample. The value of
dmax for the lowest tp employed ~1 ms! is used as a reference
value and put equal to zero. Further, the amplitude of the
Ec20.17 eV level as a function of tp is also included in Fig.
5. An accuracy of 60.05 mm is deduced for dmax from dif-
ferent measurements on the same sample.
For small values of tp (tp<1024 s), the Ec20.17 eV
level contains only the VO contribution and dmax increases
continuously. This increase is due to increasing filling of VO
in the Debye tail, as discussed in Sec. III B. For tp ranging
from 1024 to 1023, i.e., for a CiCs contribution ranging from
0% to 60% of its maximum concentration, dmax remains con-
stant. This behavior indicates clearly that the filling of VO in
the Debye tail is completed when tp>1024 s or in other
words that the extracted profile for the Ec20.17 eV level
when tp5(1 – 2)31024 s can be considered as the reference
~true! VO profile. This conclusion is further supported by the
calculations performed in Sec. III D. For tp>1023 s, dmax
increases again because of the filling of the CiCs pair in the
Debye tail. Indeed, the VO capture cross section @s(VO)
;9310215 cm2# and the CiCs apparent capture cross sec-
tion @sapp(CiCs);8310218 cm2# are very different and,
consequently, the increase in dmax due to the filling in the
Debye tail takes place in different tp intervals for the two
types of defects. For tp>1021 s, dmax saturates again, indi-
cating that the filling in the Debye tail is completed for the
CiCs pair.
The profile of the Ec20.17 eV level for tp51 s was
chosen as the reference profile for the total VO1CiCs con-
tributions. The CiCs pair profile itself is deduced by subtrac-
tion of the Ec20.17 eV level profile measured at tp51 s
(VO1CiCs) by that at tp5231024 s ~VO!. It is then pos-
sible to determine the shift ~D! that may exist between the
VO and the CiCs pair distributions. An example of such a
measurement for the boron (a57°) implanted sample is
shown in Fig. 6. The same procedure has been used for all
the implanted samples leading to the results displayed in
Table II.
A shift is observed between the VO and CiCs distribu-
tions for all the samples used in this study and the CiCs
FIG. 4. Concentration vs depth profiles for the VO center obtained with a
filling pulse duration (tp) of 1 ms ~open squares! and 30 ms ~black tri-
angles!, respectively. The sample used is the same one as in Fig. 1.
FIG. 5. Position (dmax) of the maximum concentration of the Ec20.17 eV
depth profile ~black circles! and the normalized DLTS amplitude of the same
level ~open squares! as a function of the filling pulse duration (tp). The
sample used is the same one as in Fig. 1.
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distribution, which reflects the I distribution, is always the
deepest one. D is substantially larger than the diffusion
lengths involved for V , I, and Ci at room temperature and is
predominantly ascribed to the preferential momentum trans-
fer in the forward direction to the recoiling silicon atoms.10 It
is quite surprising that, according to this interpretation, such
a ‘‘light’’ implantation as 680 keV protons with a540° leads
to a substantial shift. Another surprising result is that for
implants using the same type of ion and energy, an increase
of a gives a larger D. To gain further insight and understand-
ing of these results, simple calculations have been performed
in order to model the behavior of dmax vs tp for different
values of D.
D. Calculation of the depth maximum
The starting assumptions are ~i! the VO and CiCs distri-
butions have the same shape as a function of depth and the
same maximum concentration and ~ii! VO and CiCs exhibit
the same capture kinetics in the Debye tail but in different tp
intervals because of the difference between s~VO! and
sapp(CiCs). The first assumption is supported by Fig. 6 while
the effect of the filling in the Debye tail @in the following,
called the Debye Tail Shift ~DTS!# is taken into account ac-
cording to Fig. 7; for both DTS~VO! and DTS(CiCs) the
dependence as a function of tp is based on the results in Fig.
5. Here, it should be emphasized that sapp (CiCs) does not
reflect the rate of electron capture for CiCs but rather the rate
of transfer from the configuration B2 to A2. Therefore, to
assume a similar slope of DTS(tp) for VO and CiCs may
have a limited validity and is to be regarded as a first ap-
proximation. Under these assumptions, it is possible to cal-
culate the Ec20.17 eV distribution for different values of tp
and to extract the position of the peak maximum. The values
of dmax for the calculated Ec20.17 eV distributions are
given in Fig. 8 with D ranging from 0 to 0.8 mm in steps of
0.2 mm. As in the experimental case, the value of dmax for
tp51026 s is defined as zero. As revealed by Fig. 8, for D
<0.2 mm, dmax exhibits a dip around tp;1024 s, i.e., when
the CiCs contribution rises. When D50.4 mm, the dip is
changed into a plateau, which disappears for D>0.6 mm.
Hence, the shape of the curve dmax vs tp gives by itself some
information about D. Moreover, the maximum value of dmax
increases with D. A comparison between the calculated and
measured values of dmax for the boron-implanted samples is
made in Fig. 9, and within the experimental accuracy, a rea-
sonable agreement is obtained when the calculations are per-
formed with D equal to 0.4 and 0.8 mm for the a57° and
a540° implants, respectively. The absolute numerical val-
ues of D assumed in the calculations should, however, be
taken with some care since the value used for the a540°
FIG. 6. Determination of the true shift ~D! between the CiCs ~black circles!
and the VO ~open squares! depth profiles from the total VO1CiCs ~crosses!
depth profile. The sample used is the same as in Fig. 1 at a temperature of 79
K and a rate window of ~400 ms!21. The filling pulse durations used (tp) are
indicated in the figure.
FIG. 7. Shift of the peak position (dmax) caused by filling in the Debye tail
~DTS! for VO ~open squares! and CiCs ~black circles! as a function of the
filling pulse duration (tp), as deduced from Fig. 5.
FIG. 8. Position (dmax) of the maximum concentration of the Ec20.17 eV
depth profile as a function of the filling pulse duration (tp) according to
calculations assuming different D values. D ranges from 0 ~open squares! to
0.8 mm ~crosses! in steps of 0.2 mm.
TABLE II. Measured shift ~D! between the CiCs and VO concentration vs
depth profiles.
Sample identification D ~mm! ~60.05 mm!
B(6.8 MeV)7d 0.45
B(6.8 MeV)40d 0.57
H(680 keV)7d 0.50
H(680 keV)40d 0.60
H(1.3 MeV)7d 0.90
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implantation ~0.8 mm! is higher than the measured one (D
;0.6 mm). Further, the experimental and calculated values
for dmax deviate somewhat in the (1023 – 1021) s range
when a57°. Both these observations indicate that the slope
of DTS vs tp should be larger for CiCs than for VO. How-
ever, the general trend of the experimental data is confirmed
by the calculations, and especially, the increase of D with a
is reproduced. A physical model consistent with this obser-
vation as well as with the dependence of D on ion energy is
discussed in the following section.
E. Separation of vacancy and interstitial depth
profiles: Physical model
In contrast to that for the forward momentum, it is inter-
esting to note that the width of the vacancy ~and interstitial!
distributions, as calculated by TRIM, increases in the direc-
tion parallel to the surface normal as a increases. Following
this observation, the D values displayed in Table II are plot-
ted in Fig. 10 as a function of the full width at half maximum
~FWHM! for the vacancy depth profile as obtained from
TRIM 98. A close correlation is found and it can be associ-
ated with the interpretation illustrated schematically in Fig.
11. We assume for simplicity that the distributions of point
defects are box like in shape and that the direct annihilation
of overlapping interstitials and vacancies is perfect. Figure
11~a! represents the a57° implantation before ~on the left!
and after ~on the right! annihilation while Fig. 11~b! repre-
sents the a540° implantation. The forward momentum rela-
tive to the surface normal is less in the second case, and
accordingly, the separation between the initial I and V distri-
butions is smaller. On the other hand, the I and V distribu-
tions are wider for a540°, and as a result, the separation
between the I and V distributions after annihilation @D(I/V)#
is larger in this case. Thus, D increases as a increases or,
more generally, as the FWHM of the V ~or I! distribution
increases. This is in accordance with Fig. 10 where also the
energy dependence of D for protons at a fixed angle of inci-
dence (a57°) is shown to obey this correlation. It should be
emphasized that the initial shift between the I and V distri-
butions due to the preferential forward momentum is of the
order of nanometers while the final shift after annihilation
@D(I/V)# is in the micrometer range. Therefore, Fig. 11 is
only a schematic representation.
The basic assumption of perfect direct annihilation of the
overlapping one-dimensional distributions of I and V in Fig.
11 ignores separation of the point defects in the lateral direc-
tions, perpendicular to the incoming ion beam. Further, the
width and absolute values of the experimental profiles are
substantially larger than those of the distributions deduced by
taking the difference between the one-dimensional TRIM
profiles of the I and V . However, the integrated density of
VO centers in, for example, Fig. 4 amounts only to ;1% of
the initial vacancy density generated by the implantation,
according to TRIM calculations. Hence, although not perfect,
the direct annihilation is very efficient and the oversimplified
model schematically displayed in Fig. 11 appears to be suf-
FIG. 9. Comparison between experimental ~symbols! and calculated ~lines!
values of dmax as a function of the filling pulse duration (tp) for two boron-
implanted samples. One sample is implanted with 1.43108/cm2 B ~6.8
MeV! ions at a57° ~black triangles and continuous line! while the other
one is implanted with 13108/cm2 B ~6.8 MeV! ions at a540° ~open
squares and dotted line!. In the calculations D is put equal to 0.4 and 0.8 mm
for the a57° and a540° implants, respectively.
FIG. 10. Experimental values of D vs the full width at half maximum
~FWHM! of the vacancy depth profile as calculated by TRIM 98.
FIG. 11. Schematics of two implantation conditions with a equal to 7° ~a!
and 40° ~b!. Initial I ~dotted line! and V ~continuous line! distributions
before/after direct annihilation are on the left/right-hand side of the figure.
Direct annihilation is assumed to be perfect in the overlapping regions.
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ficiently valid to account for the main mechanisms underly-
ing the observed shift between the interstitial and vacancy
distributions.
IV. CONCLUDING REMARKS
We have studied the shift between the depth distributions
of implantation-induced vacancies and self-interstitials and
for all the implantation conditions investigated, the intersti-
tial ~I! depth distribution is deeper than the vacancy (V) one.
This holds even for the ‘‘lightest’’ implantation undertaken:
H ~680 keV! with an ion incidence angle of 40° relative to
the surface normal. The experimental concept used is based
on the DLTS filling-pulse technique, and thus limited to low
ion doses where isolated collision cascades dominate. How-
ever, the observed shift ~D! between the I and V depth dis-
tribution is expected to hold also at higher doses where the
resulting damage is due to accumulation of single collision
cascades.
It has been shown that D increases as the primary defect
distribution width increases. This observation can be ex-
plained in a simple way: for all the implantation conditions
investigated, there is enough preferential forward energy
transfer to the recoiling silicon atoms to create a small shift
between the initial I and V distributions. The direct recom-
bination ~or I/V annihilation! is so efficient that the final
shift D after annihilation increases as the width of the over-
lap of the I and V distributions increases, i.e., as the primary
defect distribution width increases. A close correlation be-
tween D and the primary defect distribution width is demon-
strated by varying the angle of ion incidence as well as the
ion energy.
Finally, it may be pointed out that the direct annihilation
of I and V is efficient but not perfect. For instance, each
boron ion with an energy of 6.8 MeV gives rise to ;10 VO
centers. Nevertheless, in the so-called ‘‘11 model,’’ 26 direct
annihilation is assumed to be perfect and only one interstitial
per ion is considered to remain after implantation. The 11
model is used as a starting point in some models dealing with
extended defect formation ~$311% defects,27 dislocations,28,29
boron clusters30! and/or the transient-enhanced diffusion
phenomenon.26 It is obviously a questionable starting point
and the use of a more-refined model including a shift be-
tween the initial I and V distributions may be helpful for
further understanding and improved modeling.
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